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Abstract. Nanosized ZnO particles derived from chemical co-precipitation route were used for casting
ZnO ﬁlms by screen printing method followed by sintering at two diﬀerent temperatures. The variation
in structural, optical and electrical properties of these ﬁlms with temperature have been investigated by
XRD, SEM, FTIR, Raman, UV-VIS, EPR and four probe analytical techniques. XRD patterns of these
ﬁlms exhibit polycrystalline nature with hexagonal wurtzite structure and SEM images reveal the smooth,
dense and without any cracks/damage porous surface morphology. Infrared transmission spectra shows
peaks pertaining to Zn-O stretching modes and their multiphonon modes. While Raman spectra exhibited
strong peaks of E2 (high) phonon and overtone of surface phonon mode at 429 cm
−1 and 1144 cm−1
respectively with weak components of LO and TO branches. The direct band gap energy of these ﬁlms
showed narrowing of band gap from 3.21 eV to 3.12 eV on increasing sintering temperature from 500 ◦C
to 600 ◦C. DC conductivity measurements conﬁrmed semiconducting behaviour and showed lowering of
activation energy. EPR spectra showed single narrow line resonance signal of g-value ∼ 1.9469 due to oxygen
vacancies which are produced during synthesis of ZnO nanoparticles by sol-gel process. These studies
revealed that on increasing sintering temperature the crystallinity of the ﬁlm improves with reduction in
lattice deformations in these screen printed ZnO ﬁlms.
1 Introduction
The most important characteristics of the material in the
nanosize regime are their ability to change their phys-
ical properties due to large surface to volume ratio. In
1980s, a considerable progress was achieved in the ﬁeld of
material science to understand the size related proper-
ties of the materials [1]. ZnO is II–VI semiconductor com-
pound with tuneable wide band gap energy of ∼3.4 eV and
a large exciton binding energy of 60 meV at room
temperature [2]. Nanocrystalline ZnO exhibits variety of
morphological structures like nanorods, nanowires, nano-
ribbon, nanoﬂower, nanowalls, quantum dots, nanopyra-
mids, etc. [3–8]. It exhibits a proliﬁc combination of
multifunctional properties especially structural, thermal,
semiconducting, optoelectronic, optical and piezoelectric
properties. Because of such remarkable properties, it is one
of the most extensively studied material of past decade.
ZnO ﬁnds lots of applications in the ﬁeld of electronic,
optoelectronic devices, sensor, biomedical, energy, envi-
ronment, etc. [9–12].
The thin and thick ﬁlms of ZnO are deposited by var-
ious techniques such as chemical vapour deposition, spray
a e-mail: rayeesphy12@gmail.com
pyrolysis, molecular beam epitaxy, spin coating, dip coat-
ing, chemical bath deposition, screen printing, hydrother-
mal and solvothermal, etc. [13–18]. Screen printing, an
eco-friendly, economic, suitable for large area deposition
technique has been generally used by industries for rapid
deposition of thick ﬁlms over large areas [18–20]. Its well
deﬁning aspect regarding the deposition in concerned
areas of substrate allows its maximum utility in electronic
devices.
The aim of present work deals with preparation proce-
dure of nanosized ZnO ﬁlms by screen printing technique
and studies the variation in their structural, optical and
electrical properties with respect to increase in sintering
temperature.
2 Experimental measurements
Zinc sulphate heptahydrate and sodium hydroxide solu-
tion were mixed slowly dropwise in molar ratio of 1:2 under
vigorous stirring and after mixing, the stirring was contin-
ued further for 12 h. The obtained precipitate was ﬁltered
and washed thoroughly with deionised water. Then dried
in oven at 100 ◦C and ground to ﬁne powder using ﬁne
agate mortar [21]. The paste was prepared by thoroughly
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Fig. 1. Schematic diagram of screen printing technique.
mixing extracted ZnO powder with anhydrous ZnCl2 used
as an adhesive agent and ethylene glycol as a binder.
The prepared paste was screen printed on glass substrates
which were pre-cleaned with acetone and deionised water
and kept in oven at 60 ◦C for 10 min. The as-deposited
ﬁlms were dried at 110 ◦C for 2 h in order to reduce the
solvent partially and for porosity of the ﬁlm [22]. The ﬁlms
were further annealed in a muﬄe furnace in an open
atmosphere at 500 ◦C and 600 ◦C for 10 min so as to
obtain the desired ZnO ﬁlm and removal of organic
materials [23]. The ﬁlms are approximately 1 μm thick.
The schematic of screen printing process used for deposi-
tion of ZnO ﬁlm is presented in Figure 1. During deposi-
tion process, the screen is placed a few millimetres above
the surface of the substrate and the paste is dispersed
through squeeze (doctor blade) [24]. In this way ZnO ﬁlm
is produced.
X-ray diﬀraction pattern was recorded on advanced
Rigaku diﬀractometer in the 2θ range of 20◦–75◦ using
Cu-Kα X-ray radiation source. Taylor Hobson (Taly step,
UK) instrument was used for ﬁlm thickness measurement.
The surface morphological information was derived by
using scanning electron microscope (SEM, LEO-440, UK).
Raman spectrum was recorded using a Horiba Jobin Yvon
laser spectrometer 6400. IR transmission spectra were
recorded by Shimadzu-8400S, Japan spectrophotometer
in the range 2000–550 cm−1 at ambient temperature with
4 cm−1 resolution. The optical absorption spectrum was
recorded by Hitachi spectrometer-3900 in the 250–1000 nm
range. DC conductivity measurement was done by using
standard four probe technique. EPR spectra were recorded
on X-band, Varian Make, E112 EPR spectrometer in
3300 G ± 2000 G region at 10 mW microwave power,
9.36 GHz microwave frequency and 100 kHz modulation
frequency. 1,1 diphenyl 2-picryl hydrazyl (DPPH) was
used as standard reference material for the calibration of
instrument and evaluation of spin concentration.
3 Results and discussions
3.1 Structural analysis
To conﬁrm the formation, purity and phase crystallinity
of the sintered samples was examined using powder
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Fig. 2. XRD pattern of nanosized ZnO thick ﬁlms sintered at
diﬀerent temperatures.
X-ray diﬀractometer. The sharp intense peaks of ZnO
ﬁlms show the polycrystalline nature with preferential ori-
entation along (1 0 1) plane without any impurity peaks,
suggesting the single phase formation of ZnO. The diﬀrac-
tion peaks observed in XRD patterns of ZnO ﬁlms sintered
at 500 ◦C and 600 ◦C are indexed as shown in the Figure 2.
The average crystallite size was calculated by using
Debye-Scherrer’s formula [25] from the most intense (1 0 1)
diﬀraction in both the samples. It has been found increase
with increasing substrate temperature and the values are
very close to the earlier reported result [26].
D =
0.9λ
β cos θ
, (1)
where D is the grain boundary size (in nm), λ is the
X-ray wavelength β is the width (in radians) at half the
maximum peak intensity and θ is the Bragg angle. These
parameters are listed in Table 1.
3.2 Surface morphological analysis
Figure 3 presents SEM micrographs of deposited ZnO ﬁlm
sintered at 500 ◦C and 600 ◦C at 40 000× magniﬁcation.
SEM images reveal polycrystalline, smooth, porous and
interconnected grains morphology. The small crystallites
agglomerates to form spindle, dumbbell, cuboidal shaped
particles and fused clusters on surface morphology of this
ﬁlm. As, the sintering temperature increases, the grain size
increases due to agglomeration of particles as reﬂected in
600 ◦C sintered sample SEM image Figure 3b. At higher
temperatures, crystallinity improves with the increase in
mobility of atoms at the surface of ﬁlms. Hence, such types
of ﬁlms may provide novel platform for photovoltaic,
sensor and other device applications.
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Table 1. Structural, optical and electrical parameters of nanocrystalline ZnO ﬁlms sintered at diﬀerent temperatures
Temp ◦C h k l 2θ (±0.001)◦ FWHM (±0.001)◦ d (nm) D (nm) E0 (eV) Ea (eV)
500 ◦C 1 0 1 37.234 0.2800 2.4734 31 3.21 0.64
600 ◦C 1 0 1 37.232 0.2600 2.4721 34 3.12 0.61
(a) (b)
Fig. 3. SEM micrographs of ZnO ﬁlms sintered at (a) 500 ◦C and (b) 600 ◦C temperatures.
3.3 Raman spectroscopy
Raman spectroscopy technique has been used to
study vibrational, rotational, and other low-frequency
phases in a Raman active compound. ZnO wurtzite struc-
ture belongs to C46v space group with two formula units
per primitive cell, where all atoms occupy C3v sites.
The Raman active optical phonons predicted by the group
theory are A1 + 2B1 + 2E2 + E1 where B1 are silent
modes. The phonons of A1 and E1 symmetry are polar
phonons and, hence, exhibit diﬀerent frequencies for the
transverse-optical (TO) and longitudinal-optical (LO)
phonons. Nonpolar phonon modes with symmetry E2 have
two frequencies, E2 (high) is associated with oxygen atoms
vibration and E2 (low) is associated with Zn sublattice
vibrational modes. The E2 (high) Raman peak exhibits a
asymmetrical Lorentzian line shape, red shift and broad-
ens as temperature increases. In Figure 4, Raman spectra
of screen printed ZnO thick ﬁlm sintered at 500 ◦C and
600 ◦C temperatures in 1600–200 cm−1 region are
presented.
The intensity of E2 (high) mode in both spectra
are more as compared to the Raman spectrum of bulk
ZnO [27]. The peak at 429 cm−1 is assigned E2 (high) is
a symbol of wurtzite phase of ZnO and shows increasing
of crystallinity with the increase in sintering temperature.
The surface phonon modes in wurtzite nanocrystals
appear at frequencies intermediate between A1 (LO) and
E1 (TO), and the corresponding observed modes in bulk
ZnO are obtained at 579 and 413 cm−1, respectively [28].
In the present work, the mode is observed as a very week
intensity peak component at 572 cm−1 due to breaking of
the translation symmetry and localization near the bound-
ary of the crystallites [29]. While the 1144 cm−1 is 2A1
phonon overtone mode which shifts to 1147 cm−1 with
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Fig. 4. Raman spectrum of ZnO ﬁlms sintered at diﬀerent
temperatures.
improvement in intensity. The characteristics of Raman
spectra are in good agreement with the XRD results.
3.4 FTIR spectroscopy
FTIR spectroscopy a very important tool has been
used for investigating the structural details of bonding
groups through their fundamental vibrations available in a
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Fig. 5. IR transmission spectrum of ZnO ﬁlms sintered at
diﬀerent temperatures.
compound. It provides information about functional
groups, molecular geometry and inter/intra molecular
interactions [30]. IR transmittance spectrum of ZnO ﬁlm
was recorded in the range of 2000–500 cm−1 as shown in
Figure 5.
Metal oxides generally give absorption bands in ﬁn-
gerprint region i.e., below 1000 cm−1 arising from inter-
atomic vibrations. The band positions and absorption
peaks not only depend on chemical composition of the
ﬁlm but also depend on the morphology of the ﬁlm.
The transmission bands at 964, 852 are Zn-OH in-plane
and out-of-plane bending modes while 670 cm−1
mode is attributed to Zn-O stretching vibration [31].
The 1143 cm−1 is attributed to Zn-OH stretching and
the appearance of this peak shows the adsorption
of water in the ﬁlm from atmospheric moisture and
hygroscopic nature of ZnCl2 precursor [32]. 1633 cm−1
peak were assigned to water bending mode and 1973 cm−1
which arises from the absorption of atmospheric CO2 on
the metallic cations. Similar features have been observed
for other the sample. However a slight shift and sharp
peaks has been observed with increase in temperature.
The shift in band position can be related to the change
in the bond length that takes place upon with increase in
temperature.
3.5 Optical properties
The UV-visible absorption spectra were recorded in the
250–1000 nm range (Fig. 6). The absorption peak arises
from the excitation of electron valence band to conduction
band and used to determine the nature and value of optical
band gap.
In these spectra, the red shift is observed with
increase in sintering temperature i.e., shift to the higher
wavelength side. The relation between absorption coeﬃ-
cient (α) and incident photon energy (hν) can be written
as [33]:
αhν = A(hν − Eg)n, (2)
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Fig. 6. Absorption spectra of ZnO ﬁlms sintered at diﬀerent
temperatures.
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Fig. 7. Energy band gap determination of ZnO ﬁlms sintered
at diﬀerent temperatures with diﬀused reﬂectance spectra
inset.
where A is constant, Eg is the energy separation between
valence and conduction bands. The optical band gap of
the ﬁlm is obtained by extrapolation of the linear portion
of the graph between the modiﬁed Kubelka-Munk func-
tion [F (R)hν]2 versus photon energy (hν), given by the
following relation [34]:
F (R) =
(1 − R)2
2R
, (3)
where R is the magnitude of the reﬂectance as function
of energy. The direct band gap comes out to be 3.21 to
3.12 eV according to [35] and is shown in Figure 7 along
with inset of diﬀused reﬂectance spectra.
This equation is usually applicable for the materials
which have high light scattering and absorbing particles
in their matrix. Therefore, diﬀused reﬂectance is eﬀective
for determining the band gap of the solar cell absorbers.
3.6 Electrical conductivity
Electrical conductivity measurement is very important
parameter for understanding the nature and type of
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Fig. 8. DC resistivity of ZnO ﬁlms sintered at (a) 500 ◦C and
(b) 600 ◦C temperatures.
material for using them electronic device development.
Oxides used for thick ﬁlms can be broadly classiﬁed into
two groups: metallic, where the resistivity obeys a power-
law depending on temperature ρ ∝ Tn, where n > 0; and
for semiconducting where resistivity usually follows the
exponential law ρ ∝ exp( EKT ). The DC electrical conduc-
tivity measurements have been carried out in the temper-
ature range 300–400 K. The electrical resistivity (ρ) has
been calculated by using the equation (4) [36]:
ρ =
πt
ln 2
(
V
I
)
, (4)
ρ is the resistivity (Ω cm), t is the sample thickness (cm),
V is the applied voltage and I is the source current (A).
The temperature dependency of the DC resistivity can be
shown by the well-known Arrhenius equation, given by:
ρ = ρ0 exp
(−ΔE
KT
)
, (5)
where ρ0 is the pre-exponential factor, ΔE is the activa-
tion energy, K is the Boltzmann constant and T is the
temperature (in kelvin). The variation of electrical resis-
tivity with temperature for ZnO is shown in Figure 8.
These plots indicate the semiconducting nature of the
samples because resistivity decreases with increase in
operating temperature, thus indicating the negative tem-
perature coeﬃcient of resistance. This may be due to the
oxygen deﬁciency of material in it. When we plot the vari-
ation between log ρ and 103/T, we get activation energy
from the slope of the graph that comes out to be 0.64 to
0.61 eV which is in good agreement with the earlier
result [37]. The various structural, optical and electri-
cal parameters these ZnO screen printed ﬁlms sintered at
500 ◦C and 600 ◦C are listed in Table 1.
Fig. 9. EPR spectra of ZnO ﬁlms sintered at diﬀerent
temperatures.
3.7 EPR spectroscopy
EPR spectroscopy has been used to characterize oxygen
vacancies in ZnO thick ﬁlms prepared by screen print-
ing process and sintered at 500 ◦C and 600 ◦C temper-
atures. EPR spectra of the ﬁlms scratched 1 mg powder
recorded at ambient temperature as shown in Figure 9
has Lorentzian shaped resonance signal. The derivative
signals have g-values ∼ 1.9964 in both the ﬁlms powder.
This signal corresponds to singly ionized oxygen vacancies
present in ZnO lattice [38,39] which are formed in these
ﬁlms during growth process when oxidation of zinc takes
place by the atmospheric air during sintering process.
As the g-value is less than free electron g-value of 2.0023
which indicates the donor origin of the paramagnetic cen-
tre. The unstable neutral oxygen vacancies are formed
which are easily decomposed to singly ionized oxygen
vacancy with single electron. The concentration of oxygen
vacancies was calculated by the comparison method
using DPPH as standard reference material.
It was found to be 2.3682 × 1018 spin/g and 1.8754 ×
1018 spins/g for 500 ◦C and 600 ◦C sintered ZnO thick
ﬁlms respectively which is two to three order of higher
magnitude than ZnO single crystal. The higher concen-
tration of oxygen vacancies causes narrowing of the
energy band gap i.e., from 3.34 eV to 3.21 or 3.12 eV
direct energy band gap [40]. The decrease in spin concen-
tration on increasing sintering temperature is attributed
to the reduction of defects and ordering of lattice structure
by the ﬁlling up of the oxygen vacancies.
4 Conclusion
XRD and SEM analysis conﬁrmed the formation of ZnO
and the systematic increase in grain size with increase in
sintering temperature. IR and Raman spectra showed the
vibrational peaks pertaining to hexagonal wurtzite struc-
ture of the ﬁlms. UV-VIS optical studies have been used to
calculate direct energy band gap 3.21 to 3.12 eV. The dark
DC resistivity reveals the semiconducting nature of ﬁlms
and gives activation energy value in 0.64 to 61 eV range,
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hence this exhibits that the conduction process of charge
carriers is thermally activated. EPR spectra gives reso-
nance signal pertaining to oxygen vacancies. The higher
concentration of oxygen vacancies in these ﬁlms is also one
of the reason in reduction of band gap energy as compared
to ZnO single crystal. The concentration of oxygen vacan-
cies decreases with the rise in sintering temperature due
to ordering and ﬁlling of oxygen vacancies in zinc oxide
lattice at higher temperature. Thus, the cost eﬀective and
user friendly screen printing technique can be successfully
used to fabricate polycrystalline ZnO ﬁlms having good
stability with signiﬁcant activation energy value. These
ﬁlms are suitable for solar cells and other optoelectronics
devices.
The author R.A. Zargar is very thankful to Material Science
Research group at CSIR-NPL, New-Delhi for providing the
characterization support to pursue this small piece of work.
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